ABSTRACT: Intrinsically disordered proteins (IDPs) are involved in a wide variety of physiological and pathological processes and are best described by ensembles of rapidly interconverting conformers. Using fast field cycling relaxation measurements we here show that the IDP α-synuclein as well as a variety of other IDPs undergoes slow reorientations at time scales comparable to folded proteins. The slow motions are not perturbed by mutations in α-synuclein, which are related to genetic forms of Parkinson's disease, and do not depend on secondary and tertiary structural propensities. Ensemble-based hydrodynamic calculations suggest that the time scale of the underlying correlated motion is largely determined by hydrodynamic coupling between locally rigid segments. Our study indicates that long-range correlated dynamics are an intrinsic property of IDPs and offers a general physical mechanism of correlated motions in highly flexible biomolecular systems.
■ INTRODUCTION
Intrinsically disordered proteins (IDPs) are prevalent in eukaryotic proteomes and mediate key roles in biological processes including protein biosynthesis, cell cycle regulation, and signal transduction. 1 Due to their connection to disease states such as cancer, neurodegeneration, and cardiovascular diseases, there is growing interest in the structural and dynamic characterization of IDPs as potential pharmacological targets. 2 IDPs are best described as heterogeneous structural ensembles, as there is no single strongly favored structure in their conformational energy landscapes. 3 Through combination of experimental and computational methods, description of structural properties of IDPs advanced in recent years from the detection of secondary and tertiary structural propensities to atomic level representations of the conformational ensembles. 4, 5 In parallel, backbone motions of disordered proteins were studied through high-resolution NMR techniques, especially 15 N NMR relaxation, employing different theoretical formalisms such as spectral density mapping, 6−11 extended model-free analysis, 12 continuous distribution of correlation times, 13, 14 and isotropic reorientational eigenmode dynamics (iRED) 15 as well as polymer models. 16−18 Since 15 N relaxation rates in IDPs generally increase only slightly with protein molecular weight, it is believed that backbone reorientation in IDPs is predominantly governed by internal segmental motions independent of the overall tumbling of protein. 19 More specifically, concerted motions involving local clusters of side chains, entire subdomains, or non-native transient long-range interactions were evidenced in some denatured proteins and proteins in intrinsically disordered states. 6,12,14,15,20−28 These motions are characterized by the presence of correlation times of several nanoseconds for the dipolar interactions between protein nuclei and are ascribed to the persistence of structural preferences within the ensembles of conformational states. It may thus appear that unfolded proteins are not completely disordered but retain some degree of partial order, so that even peptide segments distant in sequence experience a correlated motion because they temporarily interact with one another. Nevertheless, there is not yet a clear picture of the generality of the presence of concerted motions in IDPs.
High-field relaxation data are not ideally suited to study concerted motions in disordered proteins, because at such fields the small fraction of spectral density function related to the correlated motions with longer correlation times is largely dispersed. On the other hand, fast field cycling (FFC) relaxometry allows measurement of 1 H R 1 values from very low fields up to 50 MHz and provides direct visualization of the spectral density function at low frequencies. Relaxometry measurements can thus clarify and confirm the extent of correlated motions with long correlation times in disordered proteins. The presence of a dispersion at low fields in the relaxation rate profile of protein protons (performed in D 2 O solutions in such a way as to only observe the nonexchangeable protein protons) can in fact directly provide the largest correlation time values that modulate the dipolar interactions between protein protons. 29 FFC measurements are now feasible, due to the availability of high-sensitivity fast fieldcycling relaxometers, with improved sensitivity with respect to that used in Bertini et al. 29 The new instrument can directly detect signals of protein protons in millimolar solutions in D 2 O over a very wide field range (from a few kilohertz to tens of megahertz of proton Larmor frequency), being thus able to provide the collective relaxation dispersion profile of protein protons in solution. 30 This collective relaxation dispersion profile can then be analyzed in terms of an overall "collective" order parameter and an overall rotational correlation time.
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Protein proton relaxation measurements in D 2 O were first performed on globular proteins, which are expected to be subject to Brownian motion with a reorientation time τ R that depends on the molecular weight (MW) of the protein. The proton−proton dipolar interactions within each protein molecule are modulated by the Brownian motion of the molecule, so that the protein proton relaxation rate profiles must show a dispersion at fields corresponding to the relationship ωτ R = 1. Indeed, such dispersion has been observed using FFC. 29, 31, 32 Surprisingly, measurements performed on the IDP α-synuclein also showed a small dispersion at ωτ R = 1 with a correlation time comparable to the reorientation time calculated for a folded protein with the same molecular weight. 29 The dispersion should not be observed if α-synuclein was only subject to segmental motions with correlation times much shorter than the reorientation time of the protein, 16, 33 since the dispersions corresponding to such times occur at much larger fields. The observed dispersion therefore suggested that a residual correlated motion is present in α-synuclein. At the same time, a small Lipari−Szabo S C 2 parameter 34 of 0.05−0.1 was observed for the collective protein protons, in line with the disordered nature of α-synuclein: the collective relaxation rate of protein protons at low fields, which are hundreds or thousands of s −1 in regularly folded proteins, drastically reduces to few tens of s −1 in the case of α-synuclein. 29, 31 The observation of a long reorientational time in α-synuclein suggests that relaxation measurements of protein protons at low fields provide access to residual correlated motions in IDPs. However, the question remained if long correlation time is unique to α-synuclein or if it is a common feature of disordered proteins. To address this question we here performed relaxation measurements for four unfolded proteins of similar MW, some of them known to experience specific intramolecular interactions and some others expected to have much smaller or absent correlated motions. Besides different mutants of α-synuclein, we investigated the proteins β-synuclein, denatured lysozyme, and the K19 fragment (99 amino acids) of the protein Tau. We show that a dispersion of similar amplitude and corresponding to a correlation time of 5−10 × 10 −9 s is present in all the studied proteins. In addition, in case of the protein Tau, which has a molecular weight of 45.8 kDa, a second even longer correlation time was detected. Moreover, and in support for the generality of these slow motions in IDPs, we show by ensemble-based hydrodynamic calculations that the time scale of reorientational motion in IDPs can be satisfactorily reproduced on the basis of friction-mediated coupling between their statistical segments. Our work thus provides insight into the fundamental physicochemical properties of IDPs and indicates that all disordered polypeptides made by natural amino acids move in water in a more correlated way than previously expected.
■ METHODS
Protein Sample Preparation. Protein samples were prepared by dissolving about 10 mg of the lyophilized proteins in 0.5 mL D 2 O. Wild-type α-synuclein and its mutants as well as β-synuclein were prepared as previously described.
35, 36 The Tau protein and its K19 fragment were prepared as reported elsewhere. 37, 38 Unfolded hen egg white lysozyme was prepared by dissolving the lyophilized protein from Sigma-Aldrich in D 2 Relaxation Rate Profiles. Magnetization decay/recovery curves were recorded at 298 K from 0.02 to 45 MHz using a Stelar fast field cycling relaxometer of the latest generation. 30 The sensitivity of this instrument allows detection of the signal of protein protons at millimolar protein solutions in D 2 O with a good signal-to-noise ratio.
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Magnetization decays from a prepolarized intensity were measured for relaxation fields up to 10 MHz, using a polarization time of 0.5 s (1.5 s for the N30 α-synuclein fragment and the K19 fragment of the Tau protein) and a polarization field of 30 MHz. The points in the decay were acquired at 64 time values logarithmically scaled between 0.001 or 0.005 and 0.48 s. At higher fields, magnetization recovery curves were measured through acquisition of the magnetization signal for 64 time values logarithmically scaled between 0.003 and 1.2−4 s. The number of scans was 64 and 32 for the decay (low fields) and recovery (high fields) curves, respectively.
The collective protein proton relaxation rates up to 10 MHz were obtained for each field of measurement from the fit of the measured magnetization decay curves. The latter were subjected to a biexponential fit 31 with fixed weights, which resulted in excellent agreement with the experimental data. The weight of the exponential function with the smaller rate was adjusted to 0.55, similar to the 0.60 value previously estimated from a more complex analysis on folded proteins, 31 and the fit has been performed by imposing that the ratio f between the largest and the smallest relaxation rates is constant for all the curves detected at any magnetic field. The largest relaxation rate is calculated in all cases to be f = 2.5 ± 0.5 times larger than the smallest relaxation rate, in line with relaxation dispersion measurements in regularly folded proteins.
The collective protein proton relaxation rates for fields larger than 10 MHz were obtained from the fit of the magnetization recovery curves using a three-exponential function. This function was written with the first two terms defined in the same way as for the magnetization decay curves at lower fields, while the third term corresponds to the field-independent relaxation of residual water protons present in solution. The water proton longitudinal relaxation rate was directly measured at 400 MHz for α-synuclein and was found to be 0.07 s −1 . The experimentally determined rate was included as the relaxation rate in the third term of the three-exponential function, and a very good fit was obtained ( Figure S1 ). Subsequently, for consistency a third term was also included in the fit of the low-field magnetization decay curves, resulting in the following functions for fitting: for the magnetization decay and recovery curves at low and high magnetic fields, respectively, where M 0 , R 1s , f, M w , and k are fit parameters, and f was kept constant at all fields. The collective relaxation rate values, corresponding to the weighted average of the relaxation rates of all nonexchangeable protons in the protein, were then calculated as 0.55 R 1s + 0.45 R 1s f. High-field relaxation rate measurements were performed at an NMR spectrometer with a proton Larmor frequency of 400 MHz using an inversion recovery pulse sequence. Nonselective R 1 was obtained with a monoexponential fit of the intensity of the protein 1D NMR peaks using 13 inversion delays ranging from 1 ms to 5 s.
Hydrodynamic Calculations. For hydrodynamic calculations, the recently introduced method of "hydrodynamic coupling of domains" (HYCUD) was used. 39 Here, we combined HYCUD with FlexibleMeccano, which builds random structures on the basis of amino acidspecific conformational propensities derived from a library of coil conformations in high-resolution X-ray structures. 40 Two ensembles of α-synuclein, each containing 5000 random structures, were used for the HYCUD calculations. The two ensembles were generated by the Flexible-Meccano program, with or without introduction of a distance constraint between N-and C-terminal residues. The long-range contact between the N-and C-terminal residues of α-synuclein was defined as a distance <15 Å between at least one C β atom of residues 1−20 and any of the C β atoms of residues 121−140. Introduction of this long-range contact has been shown to improve the fit to experimental RDCs of α-synuclein. 40 In addition, ensembles of 500− 1000 random structures of C-terminal truncated α-synuclein (1−108), β-synuclein (134 residues), full-length Tau protein (1−441), and Tau K19 fragment (99 residues) and 5000 random poly alanine (1−100) models without any long-range distance constraint were generated. For all synuclein, Tau and poly alanine ensembles, side chain heavy atoms were added by the program SSCOMP. HYCUD calculations were performed as described in, 39 using an in-house Python script. Briefly, following the worm-like chain model, 41 each member of the protein ensembles was split into nonoverlapping fragments of ∼14 residues length. The chosen length of 14 residues is twice the persistence length estimated for denatured proteins. 16, 17 The program Hydropro 42 was then used to calculate the initial τ R (τ R,0 ) and intrinsic viscosity ([η 0 ]) for each segment. Subsequently, the τ R,0 of each segment was corrected by a scaling factor derived from the [η 0 ] of all other segments and the distance of their centers of mass from that of the segment of interest. This correction factor approximates the effective relative viscosity experienced locally by each segment, which slows down its reorientational motion. 39 The corrected τ R of each segment was then averaged over the whole ensemble to represent its τ R in the context of full-length protein.
■ RESULTS

Protein Proton Relaxation Profiles and Theoretical
Framework for Their Analysis. Field cycling relaxometry provides longitudinal relaxation rates of sample nuclei over a wide field range, so that their whole spectral density is experimentally and directly available. Since the intrinsically low sensitivity of this technique, however, provides a single unresolved signal, information on nonexchangeable protein protons can be directly accessed by dissolving the proteins in
The collective protein proton relaxation rate values, obtained from the measured magnetization decay/recovery curves ( Figure S1 ) by considering that different pools of protons have different relaxation rates, as analyzed in ref 31 and described in the Methods section, are reported as a function of field in Figure 1 for the proteins α-synuclein, β-synuclein, denatured lysozyme, and the K19 fragment of the Tau protein.
All relaxation profiles showed one dispersion at approximately 10 MHz. In general, such dispersion provides a τ R value of the order of the reorientation time that the protein would have if it were folded. 29, 31 The profiles were subsequently fit to eq 2:
where τ R , S C 2 , and α are fit parameters, and R 1 is reported on a logarithmic scale (Figure 1 ). ⟨E . 31 In the case of unfolded proteins, the value is expected to be slightly smaller because of loosening of dipolar interactions between protons belonging to different residues, whereas the intramethylene and intramethyl proton−proton dipolar interactions are maintained. In this study, ⟨E 2 ⟩ was estimated using the program CORMA 43 and the structure of micelle-bound α-synuclein (PDB code: 1XQ8) and gave a value of 24 × 10 9 s −2 .
44 Similar values (±1 × 10 9 s −2 ) were obtained using minimized polypeptide chain structures of totally unfolded α-synuclein. Therefore, in all fits ⟨E 2 ⟩ was fixed to this value. The best-fit values of τ R , S C 2 , and α for the different proteins are reported in Table 1 . In all cases, S C 2 values of about 0.1 were obtained. This parameter is defined as a squared collective order parameter which reflects the presence of global motions with long correlation time. The latter is found to be in the range (6−9) × 10 −9 s, i.e., only slightly smaller than the value expected for a rigid protein of MW 15,000 in D 2 O at 25°C. In the case of folded lysozyme (pH* 3.5), for instance, τ R was calculated and experimentally found through relaxation measurements to be 9.0 × 10 −9 s. 31 Therefore, the relaxation dispersion measurements indicate that unfolded proteins share the general feature of having a minor component of this motion which is of the order of the reorientational time of folded proteins of similar MW. No difference in the relaxation profile was observed for the α-synuclein sample when the concentration of the protein was decreased from 1.5 to 0.75 mM, excluding significant contributions from transient intermolecular interactions.
Protein Proton Relaxation Rates at High Fields. Protein proton relaxation rates were measured for the same proteins at 400 MHz. The nonselective R 1 values for different peaks in the 1 H NMR spectrum were determined (ranging from 0.6 to 2.4 . These values are smaller than the limiting α values obtained from the fit of the relaxation profiles at low fields (Table 1 ). This indicates that the relaxation rates undergo a further sizable decrease between the highest fields available for relaxometry (45 MHz) and 400 MHz, and therefore further dispersions with times smaller than the calculated τ R and larger than approximately 0.2 × 10 −9 s must be present (see the Discussion section).
Protein Proton Relaxation Profiles of α-Synuclein Variants. In the case of α-synuclein, transient secondary structures present in the wild-type protein are partially perturbed by the genetic variants A53T and A30P. 35, 40, 45, 46 We therefore probed the effect of these mutations on protein proton relaxation profiles. In addition, we analyzed the protein proton relaxation profiles of the α-synuclein mutant V118A/ M127A, in which two hydrophobic residues in the C-terminal tail were replaced by alanine and of a C-terminally truncated variant (residues 1−108). In all cases (Figure 2) , a low-field dispersion was present with a correlation time of (5−8) × 10 −9 s (Table 2 ) and the S C 2 values remained close to the value obtained for wild-type α-synuclein. In line with a perturbation of the ensemble of conformers by the mutations and the corresponding partial disruption of transient local and longrange contacts, the correlation time of A53T and A30P α-synuclein decreased when compared to the wild-type protein, while the control mutant V118, M127A was indistinguishable (Table 2) : dispersions for the A53T and A30P proteins, in fact, occur at larger fields than that of the wild-type protein. This resulted in relaxation rates of the mutants that are smaller at low fields (only slightly in the case of the A53T mutant due to the increased S C 2 value) and larger at high fields (20−40 MHz) than those of the wild-type α-synuclein. In addition, the Cterminal truncated variant showed a decreased τ R value, consistent with its smaller MW.
Protein Proton Relaxation Profiles of IDPs of Different Chain Length. To test the influence of increasing chain length on protein proton correlation times, we performed additional measurements for a peptide comprising the N-terminal 30 residues of α-synuclein (N30 α-synuclein) as well as htau40, the longest isoform of Tau in the human brain with 441 residues (Figure 3 ). In the case of the N30 α-synuclein, the low-field relaxation rate is halved with respect to the value of the wild-type 140-residue protein, and the dispersion is only seen starting at the largest magnetic fields. In this way, an upper limit to τ R can only be estimated, around 2 × 10 −9 s. The low-field relaxation rate of 441-residue htau40 is roughly doubled with respect to the values of wild-type α-synuclein and the 99-residue Tau fragment K19. Furthermore, the dispersion is moved toward lower fields, pointing to a larger correlation time. A fit with a single τ R was attempted (dotted line in Figure  3) , providing a value of 10 × 10 −9 s with S C 2 = 0.12. Both the calculated squared order parameters and τ R are thus larger than in α-synuclein, and the product of the two values is about doubled when compared to α-synuclein. In addition, the dispersion is moved toward lower fields when compared to the profile of K19, pointing to a doubling in τ R when the same squared order parameter is assumed. However, Figure 3 
The fit using two correlation times τ R1 and τ R2 (solid line in Figure 3 ) resulted in τ R1 = (27 ± 0.5) × 10 −9 s, S C(1) 2 = 0.02 and τ R2 = 4 × 10 −9 s, S C(2) 2 = 0.17 with α = 5.9 s −1 (Table S1 ). Although the increased number of fit parameters may introduce overfitting of the experimental data, we note that the largest correlation time obtained from this fit has a similar magnitude as the reorientational time expected for a rigid protein of MW 45,850 (28 × 10 −9 s), i.e., about 3 times larger than that of lysozyme. The S C 2 corresponding to this largest correlation time decreases to 0.02.
The measurements indicate that the position of the dispersion depends on the MW of the protein, and the corresponding correlation time increases with chain length. The protein proton relaxation rates of htau40 also suggest that the observed dispersion is not likely to correspond to a unique Lorentzian dispersion but rather to a superposition of dispersions with different τ Ri values up to a maximum value. Notably, the nonselective R 1 measurements performed at 400 MHz gave an averaged protein proton relaxation rate of 1.7 s −1 for htau40, a value similar to those observed for smaller proteins.
Relaxation rate measurements performed at 400 MHz as well as the relaxation profile obtained for the 441-residue Tau protein htau40 indicate that the spectral density is not a single Lorentzian. We checked that it is indeed possible to reproduce the field dependence of the protein proton relaxation rate of α-synuclein, htau40, and of the N30 α-synuclein peptide using eq 4: 
and 3−5 correlation times τ Ri with the constraints that the sum of S Ci 2 is 1, τ R1 is equal to the reorientation time of a rigid protein with the same MW and τ R(i+1) /τ Ri is 0.2 ( Figure S2 ).
Prediction of α-Synuclein Reorientational Correlation
Time by HYCUD. Disordered proteins exhibit a persistence length of 7 residues, 16, 17 and the τ R of 14-residue statistical (Kuhn's) segments of α-synuclein at 25°C lies in the range of (1.3−1.6) × 10 −9 s, much shorter than the experimentally observed τ R (Figure 4) . The long τ R of α-synuclein therefore points to the long-range correlated dynamics of multiple protein segments due to their mutual interactions. A molecular basis for the observed rotational correlation time might be friction-mediated hydrodynamic coupling of different segments of α-synuclein. To test this hypothesis, the method of HYCUD was used.
39 HYCUD was previously shown to capture the deceleration of reorientational movement of individual domains in flexible multidomain proteins.
39,48−51
For α-synuclein, the τ R prediction converged within 500 α-synuclein conformers ( Figure S3 ) and resulted in a HYCUDpredicted average τ R of (5.2 ± 0.7) × 10 −9 s. The bell-shaped profile of HYCUD-predicted τ R along the α-synuclein sequence is reminiscent to the profile of NMR residual dipolar couplings (RDC) expected for unfolded proteins (Figure 4) . 52 Next, we explored the influence of simulation parameters on the τ R The ensemble-averaged τ R , calculated for fragments in isolation (white column: AER 2.9 Å; white column with dots: AER 3.3 Å) or in the context of the whole α-synuclein molecule (gray: AER 2.9 Å; hatched-column: AER 3.3 Å). The gray solid line shows the HYCUD-predicted τ R of fragments in the context of the whole α-synuclein molecule, averaged over a second ensemble of α-synuclein in which all conformers contain a long-range contact between the N-and C-terminus (AER 2.9 Å). The averages ± standard deviation of the global τ R derived from proton relaxation data (after correction for the viscosity difference) are shown as solid black lines.
prediction of α-synuclein. To this end, we changed the atomic effective radius (AER) in the hydrodynamic calculations from 2.9 Å, as suggested for globular proteins, 42 to 3.3 Å. While AER of 2.9 Å optimizes the accuracy of predictions for a large set of studied globular proteins, a significant variability has been observed for the AER values (ranged between 2.5 and 3.5 Å) best predicting hydrodynamic properties of individual proteins. 53 The larger AER might be more suited for IDPs, as they are more hydrated than a typical folded protein and there is a stronger coupling of their motions with their hydration-layer water molecules. 54, 55 With an AER of 3.3 Å, the HYCUDpredicted τ R of α-synuclein divided into 14-residue fragments increased to (6.7 ± 1.0) × 10 −9 s (Figure 4b ), in close agreement with the experimental τ R (after correction for viscosity difference between D 2 O used in proton relaxometry measurements and H 2 O in HYCUD calculations). Similarly, the τ R values of V118A, M127A α-synuclein and the truncated variant (1−108) were better reproduced by HYCUD when an AER value of 3.3 Å was used ( Table 2 ). On the other hand, close agreements were obtained for β-synuclein with the AER of 2.9 Å, while A30P and in particular A53T variants of α-synuclein required smaller AER values (Tables 1 and 2 ). Since protein sequence and therefore hydration properties are unlikely to be strongly different among synuclein variants, the observed variation in τ R might be due to different local and long-range structural propensities.
The α-synuclein populates transient long-range interactions between the N-and C-terminal regions.
35, 46 To investigate their impact on the reorientational dynamics, we generated an ensemble of 5000 conformers of α-synuclein with all of them containing at least one contact between residues 1−20 and 121−40. 56 In the presence of the long-range contact, the average HYCUD-predicted τ R increased to (6.9 ± 0.7) × 10 −9 s (Figure 4b ). The increase in τ R was particularly pronounced for the N-and C-terminal fragments, i.e., the regions that contained the long-range contact, suggesting that the effective τ R of protein fragments calculated by HYCUD for the coil ensemble could potentially serve as a reference to detect and identify protein tertiary contacts. Long-range contacts in α-synuclein are probably not limited to the interaction between the N-and C-terminal regions, as the τ R of the C-terminal truncated α-synuclein requires a large AER value to be reproduced.
Together, the HYCUD results indicate that the long τ R of synuclein variants can be satisfactorily reproduced by hydrodynamic coupling between its rigid statistical segments, comparable with globular proteins, and the accuracy could be particularly improved if the effect of experimentally known long-range contacts is further considered.
HYCUD Prediction of Chain Length Dependence of Reorientational Correlation Time. To investigate if hydrodynamic coupling-mediated rotational deceleration is a general property of disordered polypeptide chains -as suggested by the low-field relaxation dispersion measurements collected for several IDPs -we studied an ensemble of 5000 random structures of a 100-residue poly alanine chain. The results of the HYCUD calculations for this random ensemble ( Figure S4 ) showed a high similarity to the case of α-synuclein: the average HYCUD-predicted τ R of protein fragments rose from (0.98 ± 0.04) × 10 −9 s of the isolated state to (3.35 ± 0.38) × 10 −9 s in the 100-residue chain. In addition, the predicted τ R increased with chain length (Figure 5a ). Thus, we attempted to predict the τ R of Tau K19 fragment (99 residues) and a much longer IDP, full length tau protein (441 residues) using HYCUD. The τ R of Tau K19 fragment (99 residues) is well reproduced with the HYCUD using an AER of 2.6 Å ( Table 1) . The average τ R of 14-residue-long fragments of full-length tau protein was predicted at (8.1 ± 0.9) × 10 −9 s (with AER 3.3 Å, Figure 5b ) well agreed to the value of (7.8 ± 0.7) × 10 −9 s suggested by the fit of low-field relaxation dispersion data with a single τ R in H 2 O. Similar to the case of synuclein, the fact that a larger AER value of 3.3 Å is required to account for the long τ R of fulllength Tau protein may be originated from the presence of an intricate network of transient long-range contacts in this protein, as demonstrated by NMR data.
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Temperature Dependence of Protein Proton Relaxation Rates. To investigate the effect of temperature on protein proton relaxation rates, we performed measurements at 288, 298, and 308 K for the Tau fragment K19 (Figure 6 ). With decreasing temperature the relaxation rate values at low fields increased, indicating that the correlation time τ R and/or S C 2 increases with decreasing temperature. The position of the dispersion indeed shows that τ R increases from (4.6 ± 0.6) × 10 −9 s to (5.3 ± 0.4) × 10 −9 s and (6.6 ± 0.7) × 10 −9 s when the temperature is lowered from 308 to 298 and 288 K, respectively. The observed changes are in good agreement with the η/T dependence of the correlation time (Figure 6b) as expected from Stokes' law (from which values of 4.1 and 6.9 × 10 −9 s at 308 and 288 K, respectively, can be calculated using 5.3 × 10 −9 as the correlation time at 298 K). The corresponding S C 2 provided by the fit at 308 and 288 K was 0.09 ± 0.02 and 0.15 ± 0.02, respectively. We note that S C 2 slightly increases with decreasing temperature, passing from 0.09 to 0.12 to 0.15 for temperatures of 308, 298, and 288 K, respectively. Some covariance of S C 2 with the τ R best-fit value may actually reduce the temperature dependence of S C 2 but not abolish it completely.
1 H, 1 H NOEs in C-Terminally Truncated α-Synuclein. The sign of proton−proton NOEs depends on the magnitude of the reorientational correlation time. Thus, the presence of negative NOEs (same sign of cross peaks and diagonal peaks) is an indication of slow tumbling. In contrast, positive NOEs indicate that no contributions arise from long correlation times. The NOE intensities can be calculated using eq S1. Figure S5 shows that a correlation time of 6 ns must be considered with a squared order parameter S 2 of at least 0.05 to observe negative NOEs at 400 MHz, when fast motions are modeled with an average correlation time of 0.4 ns. If only fast motions are present, with no contributions from the overall reorientation time (S 2 = 0), NOE cross peaks should be positive at 400 MHz, unless local motions have correlation times larger than 0.5 ns ( Figure S6 ). On the other hand, if an overall correlation time of 6 ns with S 2 = 0.06 is assumed, in line with the relaxation measurements (Table 1) , fast internal motions of hundreds of picoseconds must be present to obtain negative NOE intensities at 400 MHz ( Figure S6 ). In order to monitor the presence of long correlation times from NOE intensities, 2D NOESY spectra of the C-terminally truncated α-synuclein variant (residues 1−108) were acquired at 400 and 700 MHz ( Figures S7 and S8) . The 400 MHz spectrum indeed showed only negative cross peaks (same sign as the diagonal peaks) with the exception of two cross peaks which presumably involve side chain protons. In the 700 MHz NOESY spectrum, one of the two positive cross peaks became negative. The presence of negative cross peaks in the NOESY spectrain full agreement with the relaxation measurement resultssets a lower limit for the overall correlation time to about 0.5 ns, in the unrealistic assumption of no faster local motions (as described above and shown in Figure S6 ). In fact, contributions from spectral density functions characterized by a short correlation time increase the values of the NOEs. Since fast local motions must be present, an overall correlation time on the order of 1 ns or longer is required.
■ DISCUSSION
We have shown that low-field protein proton relaxation rates of a variety of IDPs are much larger than their high-field rates, although much smaller than the rates measured for folded proteins of the same MW ( Figure S9 ). This dispersion from the low-field to the high-field values corresponds to a correlation time of several nanoseconds. This observation demonstrates the presence of a small fraction of long-range correlated motions in IDPs.
Several disordered proteins have been shown to be best described by ensembles of rapidly interconverting conformers. In addition, transient secondary structure and long-range contacts have been identified in many cases, despite the fact that individual ensemble members differ substantially. 3, 16, 21, 33, 58 The presence of long-range interactions has been determined in particular for denatured lysozyme, 12 and shown to link clusters of residual secondary structures, 17, 33 and for α-synuclein, where they link the N-and C-terminal regions. 35, 40, 45, 46 In addition, A53T and A30P mutants of α-synuclein have been shown to disrupt residual local structures and enhance local preferences for extended conformations, 45 although long-range interactions are not completely abolished. 59 Furthermore, β-synuclein has been shown to adopt extended conformations characterized by the lack of long-range contacts. 19, 60 The Tau protein also contains regions of residual secondary structure, in particular in the repeat domain and at the C-terminus, 38,61,62 as well as longrange interactions between its different domains.
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High-field 15 N relaxation measurements on unfolded proteins could be satisfactorily explained by the simple model of internal segmental motions, 16, 19, 45 especially considering that the relaxation rates (and thus the correlation times) increase only slightly for sizable increase of the protein MW. This has been used to conclude that protein motion is largely independent of the overall tumbling rate. In some cases, as already seen, concerted motions ascribed to transient long-range interaction causing structural preferences have been invoked. 6 The present measurements shed light on minor but significant components of the motion correlated to reorientations occurring on the several nanosecond time scale, in the absence of specific interactions between protein residues. This has been made possible because the low-field measurements provide the field dependence of the spectral density function at fields for which the dispersion related to such motion can be observed, differently from the high-field measurements, where it is already largely dispersed and only the major, faster segmental motion components remain. The ensemble-based hydrodynamic calculations reveal that the time scale of the underlying correlated motions in IDPs are reasonably explained on the basis of hydrodynamic coupling between their statistical fragments. Factors such as presence of temporary tertiary contacts or variation in the hydration level slightly modulate τ R , but even in their absence, the τ R remains larger than what is often captured by the high-field 15 N relaxation data. The presence of correlated motions is also supported by molecular dynamics (MD) simulations performed by Xue and Skrynnikov for the denatured protein ubiquitin. 63 In fact, the calculations indicated the presence of three exponential components in the correlation functions of the 1 H− 15 N vectors, corresponding to correlation times of 44 ps and 1.4 and 9.4 ns, with weights of 0.30, 0.42, and 0.28, respectively. The latter two components were attributed to local and global conformational transitions. Thus, these calculations show that, although most of the conformational dynamics occurs locally (in the sense that a change in the backbone dihedral angle of a certain residue usually does not cause any global conformational rearrangement), fast local motions are unable of averaging dipolar interactions completely. As a result, a relatively long correlation time of about 10 ns appeared from the simulations responsible for the long tails of the correlation functions. This long correlation time was ascribed to large-scale conformational rearrangements of the polypeptide chain, i.e., to large displacements of big fragments of the chain. Despite the empirical approach of the modeling, this MD simulation is thus consistent with the current study and supports the idea that the presence of a long correlation time is an intrinsic property of incomplete averaging of dipole−dipole interactions by segmental motions.
Different types of motion in IDPs such as subnanosecond internal motions, segmental motions, and overall tumbling can be coupled provided that they occur on comparable time scales. 64 On the other hand, these motions, which are subject to kinetic barriers of different types, exhibit different time scale sensitivity to environmental factors such as temperature or solution viscosity, 65 implying that it might be possible to modulate the extent of their mutual coupling. In addition, our hydrodynamic results supporting the influence of frictionmediated coupling in rotational deceleration suggest that, for intrinsically disordered regions connected to high-molecular weight proteins, the long-range motions are shifted strongly toward slower time scales, while the time scale of shorter range motions is probably less affected. This could potentially lead to a decrease in the extent of motional coupling and result in simplification of the dynamical analysis of intrinsically disordered regions of large protein systems.
■ CONCLUSIONS
In conclusion, the protein proton relaxation rate measurements reported here indicate that long-range correlated motions are an intrinsic property of disordered proteins. These motions are associated with residual order that is characterized by S C 2 order parameters of about 0.1 and derive from nonperfect averaging of the dipolar interactions in the subnanosecond time scale. The slow reorientation of IDPs occurring beneath their largeamplitude fast internal motions is strongly influenced by hydrodynamic coupling among different protein segments and can be satisfactorily predicted on the basis of random coil conformer ensembles. The hydrodynamic coupling-mediated rotational deceleration offers a general physical picture for the presence of slow motions in IDPs irrespective of their local and long-range structural propensities. The rotational deceleration of protein segments in IDPs resembles the hydrodynamic coupling between interdomain motions and overall tumbling in flexible multidomain proteins 39 and signifies the general importance of friction-mediated coupling in highly flexible macromolecular systems, for which temporal regulation of the activity of different modules is essential. 
